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Methylation of cytosine residues within the CpG dinucleotide in
mammalian cells is an important mediator of gene expression,
genome stability, X-chromosome inactivation, genomic imprinting,
chromatin structure, and embryonic development. The majority
of CpG sites in mammalian cells is methylated in a nonrandom
fashion, raising the question of howDNAmethylation is distributed
along the genome. Here, we focused on the functions of DNA
methyltransferase-3b (Dnmt3b), of which deregulated activity is
linked to several human pathologies. We generated Dnmt3b
hypomorphic mutant mice with reduced catalytic activity, which
first revealed a deregulation of Hox genes expression, consistent
with the observed homeotic transformations of the posterior axis.
In addition, analysis of deregulated expressionprograms inDnmt3b
mutant embryos, using DNA microarrays, highlighted illegitimate
activation of several germ-line genes in somatic tissues that ap-
peared to be linked directly to their hypomethylation in mutant
embryos. We provide evidence that these genes are direct targets
of Dnmt3b. Moreover, the recruitment of Dnmt3b to their proximal
promoter is dependant on the binding of the E2F6 transcriptional
repressor, which emerges as a common hallmark in the promoters
of genes found to be up-regulated as a consequence of impaired
Dnmt3b activity. Therefore, our results unraveled a coordinated
regulation of genes involved in meiosis, through E2F6-dependant
methylation and transcriptional silencing in somatic tissues.

DNA methylation | immunodeficiency | centromeric instability | facial
anomalies | E2F family | hypomorphic mutation | hox genes

Methylation of cytosines, predominantly within CpG dinu-
cleotides, is a key epigenetic mark of vertebrate DNA

(reviewed in ref. 1). The reaction is catalyzed by a family of DNA
methyltransferases (DNMT), among which DNMT1 is special-
ized in the maintenance of DNA methylation patterns after
DNA replication, whereas DNMT3A and DNMT3B are re-
sponsible for the de novo establishment of methylation during
development and gametogenesis (review in ref. 2). CpGs are not
evenly distributed across the genome, with regions of high CpG
density, known as CpG islands, mainly localized at promoters
and transcriptional start sites. Yet, genome-wide analysis of
DNA methylation in human cells revealed that the majority of
CpG islands at promoters are unmethylated in normal cells. In
contrast, germ-line-specific genes, imprinted or X-linked genes,
as well as repetitive DNA, are methylated in somatic cells (3–7).
The recruitment of individual DNMT to different genomic

regions in vivo, particularly to gene regulatory regions, and the
establishment of intact genomic methylation patterns in de-
velopment, is known to require the interaction of regulatory
factors. DNMT3L, which lacks the conserved catalytic domain
characteristic of cytosine methyltransferases, is necessary for
maternal methylation imprinting, possibly by interacting with and
stimulating the activity of DNMT3A and DNMT3B (8, 9). LSH,

a protein related to the SNF2 family of chromatin-remodeling
ATPases, is required for efficient DNA methylation in mammals,
especially at centromeric repeats (10, 11). Sequence specificity
during developmental or lineage choice is thought to result from
interactions between DNMT and transcription factors that
would target methylation to specific DNA sequences in gene
regulatory regions (12–15).
DNA methylation is essential for mammalian development, as

revealed by the lethality of DNMT deficiencies in mice (16, 17).
DNA methylation is generally associated with a repressed
chromatin state and the inhibition of promoter activity (reviewed
in refs. 18 and 19). However, less is known about other functions
in developmentally regulated gene expression and genome in-
tegrity. In turn, alteration of DNA methylation patterns is
a hallmark of several human diseases, including cancer, thus
revealing the crucial role of DNMT in normal physiological
processes (reviewed in refs. 20 and 21). Notably, global hypo-
methylation causes inappropriate expression of certain sequen-
ces, like genes that are normally restricted to germ cells, leading
to their classification as cancer-testis genes (22). Hypo-
methylation also affects repetitive sequences associated with
enhanced chromosomal instability (23). Recent data show that
deregulated expression of DNMT3B in cancer cells can con-
tribute to tumorigenesis (24–27). Another interesting case is the
ICF syndrome (Immunodeficiency, Centromeric instability, Fa-
cial anomalies; OMIM #242860), a genetic disease arising from
germ-line mutations within the DNMT3B gene (28, 29), also
characterized by hypomethylation of satellite DNA and chro-
mosomal instability (30, 31).
Given the close connection between DNMT3B dysfunctions

and human diseases, we decided to shed light on the genes that
are potentially directly regulated through DNMT3B-mediated
DNA methylation, and on the molecular mechanisms that target
Dnmt3b to specific genomic sequences. In the mouse, it is known
that centromeric minor satellite DNA repeats are specifically
methylated by Dnmt3b but not by Dnmt3a (17, 32). However,
little is known about the discrete genes, expression of which
could be silenced through Dnmt3b-mediated DNA methylation.
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Microarray analysis of deregulated expression programs, in the
hypomorphic Dnmt3b mutant mice we generated and described
here, combined with an analysis of the molecular mechanisms
involved in the illegitimate activation of a specific set of genes,
revealed the existence of a functional interplay between Dnmt3b
and the transcriptional repressor E2F6 in the methylation of
several germ-line-specific genes and their normal transcriptional
repression in somatic tissues.

Results
Dnmt3b Hypomorphic Mutant Mice Exhibit Homeotic Transfor-
mations. Because Dnmt3b knockout is lethal early in embryonic
development, we generated hypomorphic Dnmt3b mutant mice
to explore its role in both development and transcriptional si-
lencing. We focused on compound heterozygote mice (mEx3/
mEx24) (Fig. S1), with a particular combination of mutations
that exists in the human DNMT3B gene, in patients affected by
ICF syndrome (28). We provide evidence, detailed in SI Mate-
rials and Methods, that the hypomorphic Dnmt3b mutant mice
present the expected molecular features that strongly reflect an
alteration in Dnmt3b functions (Figs. S1 and S2). In particular,
Dnmt3b mutant mice show hypomethylation of centromeric
minor satellite repeats (Fig. S3 C and D). This finding is in
contrast to major satellite repeats that remain methylated de-
spite the mutation (Fig. S3 E and F), but is consistent with minor
satellite DNA being a specific target of Dnmt3b (17).
Heterozygote mice mEx3/WT and mEx24/WT appeared

undistinguishable in size from their WT littermates. In contrast,
compound heterozygotes mEx3/mEx24 mice were smaller com-
pared with control littermates of the same age (Fig. 1A). To
further analyze phenotypic defects in Dnmt3b compound het-
erozygotes, we stained the skeleton of 5-month-old mice with
alizarin red to reveal skull and skeleton anomalies (Fig. 1 B and
C). In contrast to WT or mEx3/WT littermates, compound
heterozygote mice exhibited a shorter nose, a larger distance
between the terminations of coronal suture on the frontal bone,
and a larger interparietal bone (Fig. 1B and Fig. S4A). The
frontal bone of mEx3/mEx24 mice is enlarged, resulting in
a dome-shaped head with abnormal coronal suture morphology
(Fig. 1B). More interestingly, morphological defects also af-
fected the axial skeleton, which exhibited posterior homeotic
transformations (Fig. 1C). We observed two types of trans-
formations, coexisting in some mice, consisting in a trans-
formation of the thoracic vertebra T13 into a lumbar vertebra
L1, characterized by the absence or shorter floating ribs, and
a transformation of the lumbar vertebra L6 into the sacral ver-
tebra S1, characterized by its association with the iliac bones
(Fig. 1C and Fig. S4B).
Thus, analysis of developmental defects in the hypomorphic

Dnmt3b mutant mice revealed not only severe defects of the
skull, but also posterior transformations. Such alterations often
result from the deregulated expression of Homeotic genes, key
players in establishing positional identity along the antero-pos-
terior axis. RT-PCR analysis of Hoxa11 and Hoxa13 mRNA
levels confirmed a deregulated expression of these genes in mEx3/
mEx24 murine embryonic fibroblasts (MEF) compared with WT
MEF, consistent with their role as global regulators of the lumbo-
sacral region of the axial skeleton (33) and the aforementioned
homeotic transformations resulting from Dnmt3b impaired ac-
tivity (Fig. 1D).
Taken together, our data provide in vivo evidence for a major

role of Dnmt3b in the development of axial skeleton.

Expression Profiling in Dnmt3b Mutant Embryos Reveals Illegitimate
Activation of Germ-Line Genes. Centromeric minor satellite DNA
is preferentially methylated by Dnmt3b (17) (Fig. S3 C and D).
However, little is known about genes silenced through Dnmt3b
targeting to regulatory regions. To identify other potential

Dnmt3b target genes, we examined deregulated expression
programs in cells deficient for Dnmt3b activity by microarray
analysis. We compared the expression profiles of mEx3/mEx24
and WT 18.5 days post coitum (dpc) embryos in the thymus, an
organ that shows the highest Dnmt3b protein expression levels at
this stage of development (Fig. S3B). We predicted that a subset
of genes would be up-regulated in mutant relative to WT em-
bryos as a direct consequence of DNA hypomethylation.
Microarray expression profiling identified 25 genes that were

up-regulated in mEx3/mEx24 thymus compared with WT thymus
(fold >1.2 and P < 0.001) as a consequence of reduced Dnmt3b
activity in compound embryos (Fig. S5). Thirteen of these genes
were confirmed to be up-regulated in a DNA microarray analysis
of mEx3/mEx24 MEF compared with WT MEF (shaded in Fig.
S5). Gene ontology analysis of transcript profiling data revealed
an overrepresentation of genes normally expressed in testis (21/
25; P = 7.08e-03) (Fig. S5). Out of these 25 genes, 17 contained
CpG-rich regions in their promoter (68%) (Fig. S6). In addition,
transcription factor binding sites for retinoid-X receptor (RXR),
zinc binding protein (ZBP), early-growth-response (EGR), and
E2F families of transcription factors were identified in about
85% of these 25 promoters (Fig. S7A), with an occurrence higher

Fig. 1. Dnmt3b mutant mice exhibit developmental defects of the skull and
homeotic transformations of the skeleton. (A) Gross morphology of adult
mEx3/WT vs. mEx3/mEx24 mice. (B) Schematic representation of a normal
mouse skull with the main annotated distances (Left) and dorsal view of
skulls stained with alizarin red from 2 different mEx3/mEx24 (m3/m24) mice
(#1 and #2) compared with a mEx3/WT (m3/WT) littermate. The histogram
represents variations of the measured intervals. d(CS), coronal suture dis-
tance; IB, ibnterparietal one; ICD, inner canthal distance; N, nasal bone
length; NL, nose length; SH, skull height; SL, skull length; SW, skull width. (C)
Ventral view of axial skeleton of adult mEx3/WT compared to two mEx3/
mEx24 mice (#1 and #2) stained with alizarin red. Arrows show the positions
of the defects identified as homeotic transformations. L, lumbar vertebra; S,
sacral vertebra; T, thoracic vertebra. (D) RT-PCR analysis for the detection of
the indicated Hox genes expression in mEx3/WT (3/WT) and mEx3/mEx24 (3/
24) MEF. GAPDH RT-PCR was used as a normalization control.
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(odds ratio > 1) than in all of the promoters of the mouse ge-
nome (extracted from Genomatix), suggesting common pathways
for the regulation of these genes.
We chose to focus our study on the unexpected set of germ-

line-specific genes showing illegitimate expression in both MEF
and thymus derived from Dnmt3b mutant embryos (in bold in
Fig. 2A and Fig. S5). RT-PCR analysis of Maelstrom, Slc25a31,
Syce1, Ddx4, and Tex11 mRNA confirmed that expression of
these genes was undetectable in WT somatic tissues, whereas it
was activated in MEF and the thymus, but also in the majority of
tested tissues derived from mEx3/mEx24 embryos at 18.5 dpc
(Fig. 2B, Left). Interestingly, these five genes were not activated
in control mEx3/WT littermates, in which one allele of Dnmt3b
still encodes a normal protein. The promoter region of these five
genes contains a CpG-rich region (Fig. S6), strongly suggesting
that illegitimate activation in somatic tissues most likely results
from impaired methylation at their regulatory regions. Treat-
ment of WT MEF with the demethylating agent 5-azacytidine
(AZA) for 4 d was sufficient to activate the expression of all five
germ-cell-specific genes.
These data demonstrate, as suggested in previous studies (34–

36), that DNA methylation has a dominant role in the silencing
of germ-line genes in somatic cells.

Germ-Line Genes Are Direct Targets of Dnmt3b in Somatic Tissues.
We examined global methylation of the proximal promoter re-
gion of the five selected germ-line genes by methylation-sensitive
restriction enzyme-coupled PCR assay (MSRE), using the
methylation-sensitive HpaII and HhaI enzymes for which several
restriction sites reside in the proximal promoter region of the
considered genes (Fig. S8A), and by genomic bisulfite sequencing
assay in the thymus from WT and mEx3/mEx24 18.5 dpc em-
bryos (Fig. 3A). In MSRE experiments, amplification of a pro-
moter region using specific primers is permitted if the restriction
sites are methylated and not cleavable. The Xlr amplified region,
which does not contain HpaII/HhaI restriction sites, was used as
an uncleavable control. This assay showed that the promoter
regions of Maelstrom, Slc25A31, Ddx4, and to a lower extent, the
promoters of Tex11 and Syce1, which contain far fewer re-
striction sites, clearly contained methylated restriction sites in

untreated somatic compared with AZA-treated cells (Fig. S8A).
Similarly, these promoter regions were not cleaved in WT MEF,
thymus, or carcasses isolated at 12.5 and 18.5 dpc, consistent with
their silencing through DNA methylation. In contrast, an alter-
ation in the methylation of CpG sites residing in HpaII/HhaI
sites was observed at the promoters of germ-line genes in mEx3/
mEx24 tissues, indicative of a loss of methylation in mutant
embryos (Fig. S8A). To confirm and quantify the methylation
status observed by MSRE, genomic bisulfite sequencing was
used, examining the same CpG regions in the proximal pro-
moters of the five selected genes. After genomic bisulfite se-
quencing analysis, we found almost complete methylation of the
proximal promoter regions in WT thymus and marked loss of
CpG methylation in thymus isolated from mEx3/mEx24 embryos
(from 56% for Maelstrom and Tex11 to over 75% for Slc25A31,
Syce1, and Ddx4), for all five genes analyzed (Fig. 3A). ChIP
analysis using antibodies against Dnmt3b to precipitate chro-
matin prepared from WT and mEx3/mEx24 MEF clearly dem-
onstrated the occupancy of their proximal promoter by Dnmt3b
in both WT and mutant embryos (Fig. 3B and Fig. S8B). This
result also indicates that loss of methylation in the promoter
region of the germ-line genes in mutant mice is not the result of
a mislocalization of the mutated Dnmt3b protein, but rather,
because of an alteration of its activity.
Together, these data revealed that silencing of germ-line-

specific Maelstrom, Slc25a31, Syce1, Ddx4, and Tex11 genes in
somatic tissues is driven by common mechanisms involving the
catalytic functions of Dnmt3b.

Dnmt3b-Mediated Silencing of Germ-Line-Specific Genes Requires
E2F6 Binding to Their Proximal Promoter. How de novo DNMT are
recruited to specific genomic regions is still unclear, but is as-
sumed to require binding partners. Notably, the chromosomal
location of deregulated genes in Dnmt3b embryos is distinct,
indicating that their deregulation is not likely to result from
a wide effect of the mutation on a particular region of the ge-
nome (Fig. 2A and Fig. S5). As mentioned above, in silico
analysis of the proximal promoter regions of the 25 up-regulated
genes led to the identification of consensus binding sites for
several families of transcription factors, at higher occurrence
than expected (Fig. S7A). Although the impact of these families
of transcription factors on the recruitment of Dnmt3b to pro-
moters of germ-line genes deserves further investigation, we
specifically focused on the E2F family of transcriptional regu-
lators because, strikingly, homeotic transformations found in
Dnmt3b compound heterozygotes mice (Fig. 1C) are reminiscent
of transformations described after invalidation of one of its
members, the transcriptional repressor E2F6 (37). More im-
portantly, among the E2F family members, E2F6 was predicted
to have specific binding sites in 16 out of the 25 genes, an oc-
currence 10-times higher than that found in the promoters of all
mouse genes (Fig. S7B). In addition, among the genes we have
identified as potential Dnmt3b target genes, Slc25a31 and
Hoxa11 were already known to be targeted and repressed by
E2F6 (38, 39). We therefore focused on this particular factor and
investigated the interplay between the transcriptional repressor
E2F6 and Dnmt3b in the silencing of germ-line genes in somatic
tissues. Importantly, levels of E2F6 mRNA was unaltered in
Dnmt3b mutant cells (Fig. S8E), and proximal promoters of the
tested genes were occupied by the transcriptional repressor E2F6
in WT cells, except for Ddx4, as revealed by ChIP assays (Fig. 3B
and Fig. S8C). We first confirmed the activation of Slc25a31 in
E2F6−/− tissues (Fig. 3C and Fig. S8D). We then found that
Maelstrom, Syce1, and Tex11, but not Ddx4, were activated in
E2F6−/− tissues (Fig. 3C and Fig. S8D), therefore revealing the
loss of their silent state in both E2F6 null and Dnmt3b hypo-
morphic mutant embryos.

Fig. 2. Germ-line genes are aberrantly expressed in Dnmt3b mutant em-
bryos. (A) Germ-line gene expression changes in thymus derived from 18.5
dpc mEx3/mEx24 embryos. GenBank ID, symbol name (alias), chromosomal
locus (Chr), fold-change expression, and corresponding P value (n = 5) are
indicated. (B) RT-PCR analysis for detection of expression of the indicated
germ-line gene expression (Maelstrom, Slc25a31, Syce1, Ddx4, Tex11) from
mEx3/mEx24 (3/24) and WT MEF (12.5 dpc) or thymus, brain, liver, heart,
lung, spleen, and kidney (18.5 dpc), and from untreated WT MEF or treated
with AZA at 5 μM for 4 d. Mouse GAPDH transcripts were used as a nor-
malization control.
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We then investigated whether E2F6 could recruit Dnmt3b to
repress the expression of germ-line target genes. We first showed
that exogenous E2F6 and WT or mutated Dnmt3b proteins
could be coimmunoprecipitated from transiently transfected
cells (Fig. 4A, Upper). We found that endogenous E2F6 and
Dnmt3b belonged to the same insoluble subnuclear fraction of
primary MEFs, from which they can be coimmunoprecipitated
(Fig. S9A), and that the mutation in the catalytic domain of
Dnmt3b (Dnmt3bm24) did not disrupt their interaction (Fig.
S9B). ChIP experiments were then performed from WT and
E2F6−/− cells using Dnmt3b or E2F6 antibodies. These experi-
ments confirmed that the already known E2F6 target gene,
Slc25A31 (38), was efficiently and specifically amplified from the
precipitated chromatin of WT cells, and further revealed that
Dnmt3b targeting to the germ-line genes was lost in E2F6−/−

cells (Fig. 4B). Ddx4, which is not targeted by E2F6 (Fig. 3B) and
the expression of which is unaffected in the absence of E2F6
(Fig. 3C), served as a control to show that, in that case, the
absence of E2F6 did not perturb the binding of Dnmt3b to its
target germ-line genes (Fig. 4B). Thus, these data provide strong
evidence that Dnmt3b is recruited through E2F6 interaction to
mediate the silencing of Maelstrom, Slc25a31, Syce1, and Tex11
germ-line genes.
Taken together, these data suggest that E2F6 binding is crucial

for the maintenance of Dnmt3B-mediated DNA methylation
and silencing of certain germ-line-specific genes.

Discussion
We reported here that mutations known to impair Dnmt3b DNA
methyltransferase catalytic activity result in homeotic gene de-
regulation associated with skeleton posterior transformations, as
well as in the illegitimate expression of germ-line-specific genes
in somatic cells. We provide evidence that targeting of Dnmt3b
to the promoter region of these germ-line genes and mainte-
nance of their silent state in somatic tissues requires the tran-
scriptional repressor E2F6. Together, our data add a unique

example of coordinated gene regulation, whereby genes involved
in the same pathway, namely meiosis, contain a common tran-
scription factor-binding site in their promoter, which serves as
a sequence-specific factor for recruitment of DNA methylation
and maintenance of their silencing in somatic cells.
The Dnmt3b hypomorphic mutant mice we generated exhibit

growth defects, skull anomalies, high rate of mortality at birth,
and hypomethylation of minor satellite sequences, similar to
what was observed in a previously described mouse model (40).
However, a deeper analysis of the skeleton revealed severe skull
defects and posterior homeotic transformations that often reflect
Hox genes deregulation (33). We confirmed a significant up-

Fig. 4. Targeting of Dnmt3b to deregulated germ-line genes requires E2F6
binding. (A) Co-immunoprecipitation of Dnmt3b with E2F6 from transiently
transfected HEK-293 cells with Dnmt3b, E2F6, or both expression vectors,
using specific antibodies against Dnmt3b and E2F6. Precipitated proteins
were analyzed by Western blotting and revealed using E2F6- and Dnmt3b-
specific antibodies. (B) ChIP assays performed on chromatin prepared from
WT and E2F6−/− MEF, using Dnmt3b- and E2F6-specific antibodies, followed
by RT-PCR analysis using primers amplifying segments in the proximal pro-
moters of the indicated genes. IN, input.

Fig. 3. Germ-line genes are re-
pressed by Dnmt3b-mediated
methylation. (A) Methylation
analysis of the proximal pro-
moter region of the indicated
germ-line genes. Genomic DNA
derived from WT and mEx3/
mEx24 thymus was subjected to
genomic bisulfite sequencing
and methylation status exam-
ined at proximal promoters of
the indicated genes. Methylated
CpG are represented by black
circles and unmethylated sites by
open circles. The arrows repre-
sent the transcriptional start site
for each gene and the numbers
above the line indicate the ex-
tent of the region analyzed rel-
ative to the transcriptional start
site. (B) ChIP assays performed on
chromatin prepared from WT or
mEx3/mEx24 MEF, using Dnmt3b
or E2F6 specific antibodies fol-
lowed by real-time PCR using
primers amplifying segments in
the proximal promoters of in-
dicated genes. ChIP signals were normalized to input signal, and subtracted for background signal in an IgG control. Results are mean and SEM of two to
three independent ChIP experiments analyzed in duplicate. Histograms represent the fold-enrichment over the signal generated by amplification of a control
tubulin gene (set at 1), which does not contain CpG islands or consensus E2F6 binding sites. (C) Real-time PCR analysis of expression of the indicated genes in
MEF from mEx3/mEx24 embryos compared with their WT littermate (Left) or MEF from E2F6−/− embryos compared with their WT littermates (Right). His-
tograms represent the averaged fold-changes relative to WT control from replicates in two to three independent experiments. GAPDH PCR signal was used as
a normalization control. Error bars represent SEM.
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regulation of Hoxa11 and Hoxa13 transcripts in Dnmt3b mutant
mice that may account for the observed transformations. Indeed,
Hoxa10-13 expression has been linked to the establishment of
the thoracic and lumbar vertebrae identity (33). Likewise, a re-
cent study highlighted the implication of LSH protein in the
control of DNA methylation and silencing of other Hox genes,
Hoxa5-7, during development (41). Therefore, although it may
implicate distinct coregulatory factors at different stages of de-
velopment, DNA methylation is likely to participate in the spa-
tiotemporal regulation of homeotic genes.
Germ-line-specific gene expression is typically restricted to germ

cells, but is also illegitimately activated in a wide range of human
tumors (22), andas shown inour study, in somatic cellswith impaired
catalytic activity of themurineDnmt3bDNAmethyltransferase.The
proximal promoter of these genes appears to be methylated and
occupied by Dnmt3b in normal somatic cells, consistent with their
silent state in these cells. In contrast, mutations that impair Dnmt3b
catalytic activity do not affect the ability of Dnmt3b to bind to pro-
moters of germ-line genes, but result in their hypomethylation and
subsequent aberrant activated transcription. Other examples exist in
which DNA methylation was shown to be necessary to prevent in-
appropriate expression of this class of genes (34–36). We have now
demonstrated that silencing of a subset of germ-line genes in somatic
tissues requires Dnmt3b catalytic activity.
How the various DNMT are directed to specific genomic sites in

vivo is not well understood. Molecular mechanisms may include
direct interactions between DNMT and diverse regulatory factors,
as well as the involvement of histone-modifying enzymes, and pro-
teins involved in the biogenesis of small RNA (42). In addition,
DNMT have been shown to interact with transcription factors, the
innate specificity of which for defined DNA sequences could par-
ticipate in the preferential targeting ofDNAmethylation to specific
gene promoters (15). Our analysis of the proximal promoters of
deregulated germ-line genes following impaired Dnmt3b catalytic
activity allowed the identification of putative signature motifs for
Dnmt3b target genes, with an over representation of binding sites
for E2F6 factor. We confirmed that the germ-line genes we identi-
fied as Dnmt3b target genes were also E2F6 target genes. Of note,
and in agreement with gel-shift data (43), promoters of these genes
are occupied by E2F6 in WT cells, indicating that E2F6-mediated
DNA methylation and silencing does not prevent its binding. Co-
herent with this factor’s involvement in transcriptional repression,
we report that repression of Dnmt3b-target germ-line genes inWT
cells requires E2F6 binding to their regulatory sequences. This adds
unique target genes to the previously reported germ-line genes that
are derepressed in somatic tissues as a consequence of invalidation
of E2F6 in mice (38, 44, 45). Importantly, binding of E2F6 is re-
quired for Dnmt3b binding to the promoter region of these germ-
line genes, aswell as essential tomaintain their silent state, in fourof
five Dnmt3b target germ-line genes, providing evidence that these
genes are silenced in somatic cells through a Dnmt3b-dependant
DNAmethylation, through recruitment by theE2F6 transcriptional
repressor. The functional in vivo interaction between Dnmt3b and
E2F6 provided here confirms the previously reported specific part-
nership between E2F6 and Dnmt3b, but not Dnmt3a, in cell-free
systems (15).
DNAmethylationmay not be a general or a dominantmechanism

involved in E2F6-mediated gene silencing, in agreement with the
reportedDNAmethylation-independent silencingof theE2F6 target
STAG3 gene (44). Other previously identifiedE2F6 target germ-line
genes tend to be up-regulated in our microarray analysis, although
with a less significant P value, probably indicative of the variability of
their deregulated expression amongembryos.Alternatively, silencing
of a subset of germ-line genesmight require a different DNMT, such
as Dnmt1, shown to be implicated in silencing of a specific set of
germ-line genes (35). However, our data support a role for the E2F6
transcription factor as a platform for the recruitment of Dnmt3b-
mediatedDNAmethylation at germ-line genes. In addition, our data

show that both E2F6 and Dnmt3b are strongly associated with
chromatin, and specifically recruited to gene promoters that need to
be maintained as methylated in nongerm cells. As suggested earlier
(46, 47), the de novo DNMT Dnmt3b, in complex with E2F6 in the
particular case of germ-line genes could be involved in maintenance
of gene silencing at genes that need to be permanently methylated
and repressed in somatic cells.
The association between DNA hypomethylation and disease is

well recognized in the case of cancer and the genetic ICF syndrome
(23, 30). The functional deregulation of DNMT3B seems to play
a central role in these pathologies, as suggested by the striking
similarities at the molecular level between cancer cells and cells
derived from ICFpatients. Indeed, elevated expression of truncated
catalytically inactive splice variants ofDnmt3bhas beendescribed in
many cancers and associated with the typical centromeric hypo-
methylation and chromosomal instability (24–26), similar to what
has been described in ICF patients (23). In addition, aberrant acti-
vation of germ-line genes has been described in different types of
tumors (22) and, as reported here, in a mouse model with hypo-
morphicDnmt3bmutations characteristic ofmutations described in
ICF patients. Similarly, aberrant expression of some germ-line
genes was found in lymphocytes from patients affected by ICF
syndrome (48, 49). Although a potential predisposition of ICF
patients to cancer is still under investigation, the classification of
some germ-cell genes as cancer-testis genes raises the question of
their role in oncogenesis. Interestingly, Slc25a31, Syce1, Tex11, and
Ddx4genes havebeen implicated recently, by loss orgainof function
experiments, in DNA repair processes (50–53). In addition, aber-
rant expression of meiosis-specific genes can lead to mitotic catas-
trophe (22).Along the same lines, we have shown in a previouswork
that deregulated transcription of centromeric minor satellite
repeats, associated with their hypomethylation, could lead to ab-
errant chromosome segregation and aneuploidy (54). Thus, it
appears that the potential contribution of aberrant transcription of
centromeric repeats or meiotic genes, as a consequence of DNA
hypomethylation to chromosome instability, represents a promising
field of investigation.
In essence, our data will lay the ground for further studies on

elucidating the function of Dnmt3b in the context of mainte-
nance of germ-line gene silencing in somatic cells, in normal and
disease situations.

Materials and Methods
Generation of Dnmt3b Mutant Mice. Dnmt3b mutant mice were generated at
the Mouse Clinical Institute – Institut Clinique de la Souris facility, Illkirch,
France (http://www-mci.u-strasbg.fr). Details are provided in SI Materials
and Methods.

Cells, Plasmids, and Antibodies. Primary cells, cell lines, plasmids, and anti-
bodies used in this study are listed in SI Materials and Methods.

Preparation of RNA, cDNA, and Genomic DNA. Nucleic acids were extracted
using standard procedures detailed in SI Materials and Methods.

Microarray. For transcriptome analysis, microarrays with 24,109 spotted
mouse oligonucleotides were used (55) and hybridized with RNA extracted
frommutant or WT embryonic thymus at 18.5 dpc or MEF isolated from 12.5-
dpc embryos. The detailed procedure and the Web sites of the different
software and databases used for the analysis are provided in SI Materials
and Methods.

Skeleton Staining. Emptied carcasses of adult mice were fixed in 70% ethanol
(48 h) and acetone (48 h) and the remaining tissues were digested in 1%
NaOH and 2 mL of Alizarine red saturated solution during a period of 24 h.
Carcasses were washed once in 1% NaOH and successively placed over 4
weeks in 0.1% NaOH solutions with increasing glycerol concentration (from
10 to 50%).

Analysis of DNA Methylation. Analysis of DNA methylation was performed
using classical procedures, by genomic bisulfite sequencing orMSRE, followed
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by Southern blot analysis in the case of repetitive DNA or PCR in the case of
unique gene. Detailed procedures are provided in SI Materials and Methods.

ChIP, Immunoprecipitations, and Western Blot Analysis. Nuclei were isolated as
previously described (56) from MEF cells after cross-linking with 1% form-
aldehyde for 10 min at room temperature for ChIP analysis. Detailed pro-
cedures are provided in SI Materials and Methods.
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Generation and Characterization of Hypomorphic Dnmt3b Mouse
Mutants. Heterozygote mice were generated as described be-
low, carrying either a missense mutation in the catalytic domain
(mutation D823G in exon 24; strain mEx24/WT), resulting in
a partial loss of Dnmt3b DNA methyltransferase function (1), or
a single base insertion shifting the reading frame and introducing
a premature termination signal in the N-terminal region (T in-
sertion in exon 3; strain mEx3/WT) (Fig. S1 A and B). We fo-
cused on compound heterozygote mice (mEx3/mEx24), as this
particular combination of mutations exists in the human
DNMT3B gene, in patients affected by ICF (Immunodeficiency,
Centromeric instability, Facial anomalies) syndrome (1). These
compound heterozygote mice were generated by crosses, and the
genotype of each littermate was determined (Fig. S1C). The
mutations in Dnmt3b did not alter the sex ratio of the offspring
(Fig. S2, Upper). The lower incidence of compound hetero-
zygotes is possibly because of the cannibalism of the mothers
toward dead pups (Fig. S2, Lower). However, most of the mutant
mice died within 48 h after birth and a very few reached adult-
hood (Fig. S2, Lower). These observations were consistent with
a partial loss of function of Dnmt3b because its invalidation is
lethal early during embryonic development (2).
To characterize the molecular defects in mEx3/mEx24mice, we

first checked the expression levels of the other DNMT in murine
embryonic fibroblasts (MEF) and the thymus from mEx3/mEx24
compared to WT embryos, at 18.5 days post coitum (dpc).
Messenger RNA (Fig. S3A) and protein levels (Fig. S3B) of the
other Dnmts, Dnmt1 and Dnmt3a, were not affected by muta-
tions in Dnmt3b. In addition, protein level of the Dnmt3b part-
ner, Lsh, was not affected either (Fig. S3B). Dnmt3b protein
levels were decreased in mEx3/mEx24 embryonic thymus and
fibroblasts as a consequence of the premature termination site
introduced in the mEx3 allele, which generates a short Dnmt3b
peptide (67 amino acids) not recognized by the antibody used for
the Western blot analysis (Fig. S1B).
To confirm the alteration of Dnmt3b activity in mEx3/mEx24

mice, we examined the methylation status of centromeric minor
satellite repeats, known to be specific targets of Dnmt3b (2), in
embryonic carcasses emptied of their organs or in thymus, at 18.5
dpc. At this stage of development, minor satellite DNA repeats
were hypomethylated in both embryonic carcasses and thymus
from mEx3/mEx24 embryos compared to WT littermates (Fig.
S3C, lanes 1–4 and D, lane1). In contrast, the methylation status
of major satellite repeats was unaffected by mutations in
Dnmt3b (Fig. S3 E and F), consistent with the known specificity
of Dnmt3b for centromeric minor satellite repeats.
In essence, the hypomorphic Dnmt3b mutant mice generated

present the expected molecular features that strongly reflect an
alteration in Dnmt3b functions.

Generation of Dnmt3b Mutant Mice. Dnmt3b mutant mice were
generated at the Mouse Clinical Institute – Institut Clinique de la
Souris, Illkirch, France (http://www-mci.u-strasbg.fr). The tar-
geting construct was designed to replace Exon 3 or Exon 24 by
mutated sequences and a floxed PGK-neoR cassette. After
transfection of 129/SvJae-derived P1 ES cells and selection with
geneticin, homologous recombinants were identified by Southern
blot analysis using 5′ and 3′ external probes. ES clones harboring
the modified exon (exon 3 or exon 24) were injected into C57BL/
6J blastocysts to generate chimeric mice. Chimeric mice were
interbred to generate the heterozygous mEx3/WT or mEx24/WT

mouse lines. Compound heterozygotes mEx3/mEx24 were gen-
erated by intercrossing heterozygous mEx3/WT and mEx24/WT
mice.
Generation and use of these mice has been approved by the

French Ministry of Research and Technologies and received
agreement number 5314.

Genotyping of Embryos. Genomic DNA was extracted from the
yolk sac or the tail of embryos with the REDExtract-N-Amp
Tissue PCR kit (Sigma) following themanufacturer’s instructions.
A combination of three pairs of specific primers, indicated below
in the primer list, was used to establish the genotype of each
embryo by PCR (Fig. S1C).

Primary Cells and Cell Lines.MEFs isolated from 12.5 dpc WT and
mEx3/mEx24 embryos (129/SvJae × C57BL/6J hybrid genetic
background), MEF from E2F6 knockout embryos (kindly pro-
vided by Jorg Storre and Stefan Gaubatz, University of Wuerz-
burg, Germany) (3), and HEK-293 cells were cultured and
maintained in complete media (DMEM supplemented with 10%
FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin, all from
Invitrogen). Where indicated, cells were treated with 5 μM of 5-
azacytidine (Sigma) for 96 h.

Constructs. Mouse Dnmt3b cDNA (a gift of Pierre-Antoine
Defossez, UMR7216, Paris, France) was cloned into the pEGFP-
C1 vector, in frame with the GFP cDNA. Mutations in the
Dnmt3b cDNA (mEx24 mutation) were generated using the
QuikChange Site-Directed Mutagenesis Kit (Stratagene)
according to the manufacturer’s instructions, using the mutagenic
primer indicated in the primer list below. HA-tagged E2F6 ex-
pressing vector was generously provided by Stefan Gaubatz
(University of Wuerzburg, Germany) (4). Transient transfections
were carried out in HEK-293 cells using JetPEI (POLYplus
transfection) according to the manufacturer’s instructions, using
5 μg of GFP-Dnmt3b or GFP-Dnmt3bm24 expressing vectors or
5 μg of HA-E2F6 expression vector.

Antibodies. Western blotting and immunoprecipitations were
performed with monoclonal anti-Dnmt3b and anti-Dnmt3a
(ab13604 and ab13888, Abcam), anti-Dnmt1 (IMG-261, IMGE-
NEX), Lsh antibody (sc-46665, Santa Cruz Biotechnology),
polyclonal anti-E2F6 (ab53061, Abcam, for Western blotting; sc-
8366, Santa Cruz Biotechnology, for ChIP and IP), polyclonal
anti-neuropilin (sc-7239, Santa Cruz Biotechnology), and non-
specific IgG used as control (Mouse IgG, BD Biosciences; Rabbit
IgG, Sigma).

Preparation of RNA, cDNA, and Genomic DNA. Total RNA used in
DNA microarray experiments was prepared with RNeasy Micro
Kit (Qiagen) from embryonic thymus at 18.5 dpc or fromMEF, or
with TRIzol reagent (Invitrogen) in other cases, according to the
manufacturer’s instructions. Contaminant genomic DNA was
eliminated with TURBO DNA-free kit (Ambion). Reverse
transcription was carried out using 1 μg of treated RNA using
50 μM random hexamers, 20 U of RNase Out, and 100 U of
SuperScript III reverse transcriptase (Invitrogen); then, cDNA
was amplified with specific primers indicated in the list below.
CDNA prepared from WT and E2F6−/− cortex were generously
provided by Paul Danielian and Jacqueline Lees (Massachusetts
Institute of Technology, Cambridge) (5).
Genomic DNA was extracted from MEF cells or empty em-

bryos by lysing overnight in lysis buffer (10 mM Tris pH8, 10 mM
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NaCl, 2 mM EDTA, 0.5% SDS) containing 200 μg/mL Proteinase
K (Sigma). Genomic DNA was extracted by phenol-chloroform
(Sigma) and precipitated with ethanol. The DNA pellet was re-
suspended in TE containing 20 μg/mL RNase A.

Microarray. For transcriptome analysis, microarrays with 24,109
spotted mouse oligonucleotides were used (6). Total RNA was
isolated using RNeasy Mini kit (Qiagen), amplified, labeled, and
hybridized following a previously described protocol (6). Briefly,
500 ng of total RNA was amplified with MessageAmp II aRNA
Amplification (Ambion), coupled with Cyanine 3 or 5 and then
hybridized in competition with reference RNA composed of
a pool of total RNA isolated from WT thymus or MEF cells
(thymus, n = 5; MEF, n = 5). Arrays were then scanned with
Agilent G2565AA Microarray Scanner (Agilent Technologies).
For each RNA sample (n = 5), two dye-swap were realized,

leading to the analysis of 18 microarrays for thymus (two mi-
croarrays were excluded for insufficient quality) and 20 for MEF
cells. Data were normalized by an intensity-dependent loess
approach from marray package (7) and final analyses (ICF vs.
WT) were performed using the moderated t-test, implemented in
limma package (8). Linear models and empirical Bayes methods
for assessing differential expression in microarray experiments,
with false-discovery rate correction from Benjamini and Hoch-
berg (9).
The data have been deposited in National Center for Bio-

technology Information’s Gene Expression Omnibus (GEO) and
are accessible through GEO series accession number GSE19597.

Software and Databases. Software and databases used were as
follows: Gene2Promoter Released 4.8, GeneRanker and GEMS
Launcher Release 5.1.1 based on ElDorado 07–2009 and Matrix
Family Library Version 8.1, (http://www.genomatix.de/); The
PANTHER (Protein ANalysis THrough Evolutionary Rela-
tionships) Classification System version 6.1 (http://www.pan-
therdb.org/) (10, 11); The DAVID (Database for Annotation,
Visualization and Integrated Discovery) 2008 version 6 (http://
david.abcc.ncifcrf.gov/) (12, 13); CpG graph were obtained using
a personal algorithm (14) and the EMBOSS CpGPlot program
(http://www.ebi.ac.uk/Tools/emboss/) (15).

Analysis of DNA Methylation. Analysis of DNA methylation was
performed using classical procedures, using methylation-sensitive
restriction enzymes, followed by Southern blot analysis in the case
of repetitive DNA or PCR in the case of unique genes, and
genomic bisulfite sequencing.
Southern blot. Genomic DNA (5 μg) from empty embryo carcasses
or from18.5 dpc thymuswas digestedwith 50Uof themethylation-
sensitive enzyme HpaII or the methyl-insensitive enzyme MspI
(Biolabs) overnight and analyzed by Southern hybridization using
random prime-32P-dCTP-labeled (Rediprime II, GE Healthcare
Life Sciences) probes specific for minor (R198) or major (R531)
satellite repeats (16).
Methylation-sensitive restriction enzyme-coupled PCR assay. For Meth-
ylation-sensitive restriction enzyme (MSRE)-coupled PCR assay,
genomic DNA (1 μg) isolated from tissue or cells as described
above was first digested for 8 h with 20 U of HindIII (Biolabs),
and further digested overnight with 20 U of the methylation-
sensitive enzymes HhaI and HpaII (Biolabs). PCR analysis was
performed with the appropriate primers indicated in the list
below. The Xlr gene-promoter region, which does not contain
HpaII nor HhaI sites, was used to normalize experiments.
Genomic bisulfite sequencing. Genomic DNA (1 μg), extracted from
thymus from WT or mEx3/mEx24 embryos at 18.5 dpc and was
modified by sodium bisulfite treatment following the manu-
facturer’s instructions (Qiagen EpiTect Bisulfite kit). The pri-
mers used for PCR amplification of treated DNAs are indicated
below. PCR products were gel purified and cloned into pCR4-

TOPO (Invitrogen). Individual clones (10 each) were screened
for inserts by EcoRI digestion and sequenced using the T7 uni-
versal primer.

Analysis of Gene Expression. Total RNA was isolated as described
above and contaminant genomic DNA was eliminated with
TURBO DNA-free kit (Ambion). Reverse transcription was
carried out using 1 μg of treated RNA and 50 μM random
hexamers, 20 U of RNase Out, and 100 U of SuperScript III
reverse transcriptase (Invitrogen). CDNA reactions were used
as templates for PCR reactions. CDNA prepared from WT and
E2F6−/− cortex were generously provided by Paul Danielian
and Jacqueline Lees (Massachusetts Institute of Technology,
Cambridge) (5). End-point PCR was realized in a volume of
25 μL containing 200 mM of each dNTP, 0.5 μM of primer, 1
unit of Super Taq DNA polymerase (ATGC biotechnologie),
and 1× PCR buffer supplied with the polymerase, for 30 cycles.
Real-time PCR was performed using the light cycler-DNA
MasterPLUS SYBR Green I mix (Roche) supplemented with
0.5 μM specific primer pairs. Real-time quantification PCR
were run on a light cycler rapid thermal system (Light-
Cycler480 2.0 Real time PCR system, Roche) with 15 s of de-
naturation at 95 °C, 30 s of annealing at 60 °C, and 20 s of
extension at 72 °C for all primers, and analyzed by the com-
parative Ct (ΔCt) method.

Chromatin Immunoprecipitation. MEF cells were cross-linked with
1% formaldehyde for 10 min at room temperature and nuclei
were isolated as previously described (18). Nuclei were lysed in
lysis buffer [50 mM Tris pH8, 150 mM NaCl, 10 mM EDTA, 1%
SDS, protease inhibitor mixture (Roche)] and sonicated on ice
to generate DNA fragments with an average length of 200 to
600 bp (Bioruptor, Diagenode). Supernatant was diluted
10 times in IP dilution buffer [16.7 mM Tris pH8, 167 mM NaCl,
1.2 mM EDTA, 1.1% Triton ×100, 0.01% SDS, protease in-
hibitor mixture (Roche)]. IPs were performed using 40 μg of
chromatin, 3 μg of specific antibodies against indicated proteins
or isotypic IgG control, and 30 μL of 0.1% BSA-saturated
protein G Sepharose beads (GE Healthcare). Reverse cross-
linking was carried out with 0.2 M NaCl at 65 °C overnight.
Genomic chromatin was then digested by 20 mg of PNK for 1 h
at 37 °C and isolated by phenol-chloroform extraction. PCRs
were performed on the immunoprecipitated DNA using specific
primers indicated below. Chromatin immune precipitates were
quantified by quantitative PCR using SYBR Green PCR Master
Mix (Roche). Data were normalized to input signal and reported
to IgG values ± SEM. The results were then represented as fold-
enrichment over the signal generated by amplification of a con-
trol tubulin gene, which does not contain CpG islands nor con-
sensus E2F6 binding sites.

Coimmunoprecipitations and Western Blot Analysis. HEK 293 cells
were transfected with GFP-Dnmt3b or GFP-Dnmt3bm24 ex-
pressing vectors and/or HA-E2F6 pcDNA3 expression vector,
using JetPEI (POLYplus transfection) following the manu-
facturer’s instruction. HEK 293 were harvested 36 h post-
transfection and proteins were extracted using lysis buffer
[50 mM Tris pH8, 150 mM NaCl, 1mM EDTA, 0.5% Triton X-
100 and protease inhibitor mixture (Roche)]. Nuclear extracts
from MEF cells, generated as previously described (17), were
treated with 0.6 U of micrococcal nuclease (Sigma) and proteins
were extracted using lysis buffer [50 mM Tris pH8, 150 mM
NaCl, 1mM EDTA, 5% glycerol, 0,5% Triton X-100 and pro-
tease inhibitor mixture (Roche)]. Lysates from HEK 293
transfected cells and MEF nuclei were then sonicated (Bio-
ruptor, Diagenode, 5× 30 s ON/30 s OFF). Cell debris were
pelleted by centrifugation for 10 min at 16,000 × g and super-
natant was collected. For immunoprecipitations, 3 μg of specific
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antibodies against indicated proteins or control IgG was added
to 1 mg of protein extract from HEK 293 cells or MEF and
incubated at 4 °C overnight on a wheel. Next, 30 μL of 0.1%
BSA-saturated protein G Sepharose beads (GE Healthcare) was
added to each sample, followed by incubation at 4 °C for 2 h on
a wheel. Beads were collected by centrifugation for 1 min at
1,000 × g and washed five times in lysis buffer. Beads were then
boiled in 30 μL of Laemmli 1× buffer (50 mM Tris pH7, 10%
glycerol, 2% SDS, 0.01% bromophenol blue, 5% 2-Mercaptoe-
thanol) for 3 min and immunoprecipitated proteins were col-
lected by centrifugations for 1 min at 16,000 × g. Proteins were
separated on 4 to 12% gradient Tris-tricine SDS/PAGE gels and
blotted onto PVDF transfer Membrane (Thermo Scientific).
Coimmunoprecipitation was revealed by Western blot analysis
using anti-E2F6 or anti-Dnmt3b antibodies and detected with
ECL kit (Pierce).
WesternblotanalysisonMEFcellsandthymuswereperformed

as follows. Proteins from MEF cells and thymus were extracted
using lysis buffer [50 mMTris pH8, 150 mMNaCl, 1 mMEDTA,
1% Triton X-100, supplemented with protease inhibitor mixture
(Roche)]. Next, 50 μg of each sample were boiled in Laemmli
buffer for 3 min. Proteins were separated on 4 to 12% gradient
Tris-tricine SDS/PAGE gels and blotted onto PVDF transfer
Membrane (Thermo Scientific). Membrane was hybridized with
anti-Dnmt1, anti-Dnmt3a, anti-Dnmt3b and anti-Lsh antibodies
and detected with ECL kit (Pierce).

List of Primers.
Genotyping primers.

m3.1: 5′-CAGTTCGAGACCACTTGAAATGCC-3′
m3.3: 5′-TGTCCGTCACATCCAGGAACTCACC-3′
m3.4: 5′-TTGTATGGGCTTCACAGTGATCAGG-3′
m3.6: 5′-CAGGTACCCGGGATAACTTCGTATAG-3′
m24.3: 5′-AGGTGTCTGATGACCGGTACACTC-3′
m24.4: 5′-TTCTGGCTGTTGGCAATCCTTCATGG-3′

RT-PCR primers.

Dnmt1 F: 5′-CGGTCATTCCAGATGATTCCTC-3′
Dnmt1 R: 5′-TGCTGTGGATGTAGGAAAGCTG-3′
Dnmt3b F: 5′-GAACATGCGCCTGCAAGA-3′
Dnmt3b R: 5′-GCACAGACTTCGGAGGCAAT-3′
Dnmt3a F: 5′-TCCCGGGGCCGACTGCGA-3′
Dnmt3a R: 5′-TCCCCCACACCAGCTCTC-3′
Mael F: 5′-CAGAGTCAACTGGTGTTTGAAGCGT-3′
Mael R: 5′-ATCATTTTCTTCATGCCATTTGCAC-3′
Slc25a31 F: 5′-AAGCAGTCTTCAAAGAAGGCGCTGT-3′
Slc25a31 R: 5′-GCTTATCTGCTTGGAGGACGCCTG-3′
Syce1 F: 5′-AGGGCAGTATGGGTCCACACAGAAAAT-3′
Syce1 R: 5′-CAGTTCCTTCTGCAGGTTGTCCCAGA-3′
Tex11 F: 5′-AGAGTCTGTTGGGTTTCGCTTTCTG-3′
Tex11 R: 5′-CTTTAAGGACGTCTTTAATCTTCTC-3′
Ddx4 F: 5′- TGGCCTCAAACAAGTCAAGTACTT-3′
Ddx4 R: 5′- GGATTTCTTCTGGAAAAGTAGCAC-3′
Gapdh F: 5′-CTTCACCACCATGGAGAAGGC-3′
Gapdh R: 5′-GGCATGGACTGTGGTCATGAG-3′
E2F6 F: 5′-AAGCTGCAGGCAGAACTCTC-3′
E2F6 R: 5′-TTCACCCACTCGGGATACTC-3′
Hoxa11 F: 5′-CATATCCCTACTCCTCCAACCTGC-3′
Hoxa11 R: 5′-CCCACCGTGCTATAGAAATTGG-3′
Hoxa13 F: 5′-CACCTCTGGAAGTCCACTCTGC-3′
Hoxa13 R: 5′-GTGGCTGATATCCTCCTCCGTT-3′

ChIP and MSRE.

Mael F: 5′-AGGCTGTTTTCACCCCCACAGCAGG-3′
Mael R: 5′-TGGCCCTGCGGTTGGGCATG-3′
Slc25a31 F: 5′-TGCAAAAGCTGCTGTGCACTGATTGA-3′
Slc25a31 R: 5′-AGGAGAACTGAAAACCGCTTCAG-3′
Syce1 F: 5′-ATGGCTTTACCCTTGCGCATGCG-3′
Syce1 R: 5′-CCGTGGAGCAGGTCTGCTGAGCC-3′
Tex11 F1 (ChIP): 5′-ACTGAGTGACAGACAGACC

AATCAC-3′
Tex11 F2 (MSRE): 5′-AAGCTCAGCGCCAATTCAGTG-3′
Tex11 R: 5′-AGCTGCAAATCCAGGAGAAAGTTG-3′
Ddx4 F: 5′-CAACAAAGGTGGAGAACGCGCAGG-3′
Ddx4 R: 5′-CCACTCACCTCTCCGCTCCAGGCT-3′
Xlr F: 5′-ACCTCCTTTTTACTGCTTCGATGACA-3′
Xlr R: 5′-ACCTCAAGAACTTCTCGGCTTCCT-3′

Dnmt3b mutagenic primer.

Dnmt3bm24: 5′-CCTGCTCACTACACGGGCGTGTCCAA-
CATGG-3′

Bisulfite primers.

Mael F: 5′-TATTTTTATAGTAGGGGGTTTAATG-3′
Mael R: 5′-TACCCTTAAACTATATCCCCTCCAC-3′
Slc25a31 F: 5′-AGTTGTTGTGTATTGATTGAGTATG-3′
Slc25a31 R: 5′-TTTAAAAACTACTTCTTAAAAAATTC-3′
Syce1 F: 5′-GTGAGGTTTTTATGTTTGTTT-3′
Syce1 R: 5′-AATAACCATACTACTCCACTT-3′
Tex11 F: 5′-TTTTGAATATTGAATTAGAT-3′
Tex11 R: 5′-AAATTATTAAACAAAAAA AC-3′
Ddx4 F: 5′-TATAGGTTATGGAGTTAAGA-3′
Ddx4 R: 5′-CCA AACTTAAAAAACAAAAAAAACC-3′

Real-Time RT-PCR analysis of gene expression.

Mael F: 5′-ACCAAGTATTTCTCCCCCTG-3′
Mael R: 5′-CTGCCATAATACCTTCCTGG-3′
Ddx4 F: 5′-CAAAGCAGAAGTGGAAGTGG-3′
Ddx4 R: 5′-TGGTGGAGGAGGGGGTATATATGT-3′
Slc25a31 F: 5′-AAGCAGTCTTCAAAGAAGGCGCTGT-3′
Slc25a31 R: 5′-GCTTATCTGCTTGGAGGACGCCTG-3′
Syce1 F: 5′-AGGGCAGTATGGGTCCACACAGAAAAT-3′
Syce1 R: 5′-CAGTTCCTTCTGCAGGTTGTCCCAGA-3′
Tex11 F: 5′-AGAGTCTGTTGGGTTTCGCTTTCTG-3′
Tex11 R: 5′-CTTTAAGGACGTCTTTAATCTTCTC-3′

Real time PCR analysis after ChIP assay.

Mael F: 5′-GCTTGCTGCGTCTCTGGA-3′
Mael R: 5′-CGGGAATCTTCTCCTGTACG-3′
Ddx4 F: 5′-CTT GGAGAGAGAAACGGG AT-3′
Ddx4 R: 5′-GGGGACAACAAATAGCATCAGG-3′
Slc25a31 F: 5′-TGCAAAAGCTGCTGTGCACTG

ATTGA-3′
Slc25a31 R: 5′-AGGAGAACTGAAAACCGCTTCAG-3′
Syce1 F: 5′-ATGGCTTTACCCTTGCGCATGCG-3′
Syce1 R: 5′-CCGTGGAGCAGGTCTGCTGAGCC-3′
Tex11 F1: 5′-ACTGAGTGACAGACAGACCAATCAC-3′
Tex11 R: 5′-AGCTGCAAATCCAGGAGAAAGTTG-3′
Tubulin F: 5′-GACAGAGGCAAACTGAGCACC-3′
Tubulin R: 5′-CAACGTCAAGACGGCCGTGTG-3′
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Fig. S1. Generation and characterization of the hypomorphic Dnmt3b mouse mutant mEx3/mEx24. (A) A Map of the Dnmt3b mutant alleles mEx3 (m3) and
mEx24 (m24), showing the position and the type of mutation. (B) Representation of Dnmt3b functional protein domains: PWWP, PHD-like, and the catalytic
domain. The position of the introduced mutations mEx3 (m3) and mEx24 (m24) are indicated. (C) Schematic representation of the WT and mutated Dnmt3b
alleles. The genetic background, the position of the loxP sites, the mutations, and the primers used for the genotyping of embryos are indicated.
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Fig. S2. Statistical analysis of offspring. (Upper) Histogram representation of the sex ratio for the indicated genotype between male (white) and female
(black) progeny established in 327 embryos; (Lower) Histogram representation of the percentage of living newborn embryos in 392 embryos.

Fig. S3. Hypomethylation of minor satellite repeats in mEx3/mEx24 embryos. (A) RT-PCR analysis using specific primers for Dnmt1, Dnmt3a, and Dnmt3b, in
MEF and thymus derived from WT and mEx3/mEx24 (3/24) embryos. GAPDH RT-PCR was used as a normalization control. (B) Western blot analysis using specific
antibodies for Dnmt1, Dnmt3a, Dnmt3b, and Lsh proteins in MEF and thymus derived from WT and mEx3/mEx24 embryos. Detection of tubulin protein served
as loading control. (C and D) Southern blot analysis of DNA methylation at minor satellite repeats (Minsat) in empty embryos and thymus from WT/WT, mEx3/
WT, mEx24/WT, and mEx3/mEx24 mice. Genomic DNA isolated from 18.5 dpc empty embryos and thymus were digested with methylation-sensitive (HpaII) or
-insensitive (MspI) restriction enzymes, and hybridized using a probe specific for minor satellite repeats. (C: lanes 1–4, mEx3/mEx24 embryos, HpaII; lanes 5–6,
mEx24/WT embryos, HpaII; lanes 7–8, mEx3/WT embryos, HpaII; lanes 9–11, WT/WT embryos, HpaII; lane 12, WT/WT embryos, MspI / D: lane 1, mEx3/mEx24
thymus, HpaII; lane 2, mEx24/WT thymus, HpaII; lane 3, mEx3/WT thymus, HpaII; lane 4, WT/WT thymus, HpaII; lane 5, WT/WT thymus, MspI). (E and F) Southern
blot analysis of DNA methylation at major satellite repeats (MajSat) in empty embryos and thymus from WT/WT, mEx3/WT, mEx24/WT and mEx3/mEx24 mice.
Genomic DNA isolated from 18.5 dpc empty embryos and thymus were digested with methylation-sensitive (HpaII) or -insensitive (MspI) restriction enzymes,
and hybridized using a probe specific for major satellite repeats. (E: lanes 1–4, mEx3/mEx24 embryos, HpaII; lanes 5–6, mEx24/WT embryos, HpaII; lanes 7–8,
mEx3/WT embryos, HpaII; lanes 9–11, WT/WT embryos, HpaII; lanes 12, WT/WT embryos, MspI; F: lane 1, mEx3/mEx24 thymus, HpaII; lane 2, mEx24/WT thymus,
HpaII; lane 3, mEx3/WT thymus, HpaII; lane 4, WT/WT thymus, HpaII; lane 5, WT/WT thymus, MspI).
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Fig. S4. Analysis of skull abnomalies in mEx3/mEx24 mice. (A) Distances measured in skulls of adult mEx3/WT and the two mEx3/mEx24 mice (#1 and #2), using
a digital caliper. d(CS), coronal suture distance; IB, interparietal bone; ICD, inner canthal distance; N, nasal bone length; NL, nose length; SH, skull height; SL,
skull length; SW, skull width. (B) Skeletal transformations in WT, mEx3/WT, mEx24/WT, and mEx3/mEx24 adult mice. For each genotype, the occurrence of
posterior transformations is reported.

Fig. S5. List of the 25 most up-regulated genes in m3/m24 compared to WT thymus. Threshold used for gene selection was a fold-increase of 1.2 and P < 0.001.
GenBank ID, symbol, and full name (alias and description), chromosomal locus (Chr), fold-change expression, and corresponding P value (n = 5) are indicated.
Genes that were also up-regulated in MEF cells are highlighted in gray and the cluster of germ line-specific genes showing illegitimate expression in both MEF
and thymus derived from Dnmt3b mutant embryos we chose to study is indicated in bold.
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Fig. S6. CpG composition of the 25 most up-regulated genes in m3/m24 compared to WT thymus. Schematic representation of CpG nucleotide composition,
using a personal algorithm (14) in an ∼600-bp region extracted from murine Genomatix database (SI Materials and Methods). Promoter regions for the 25
genes identified by DNA microarray were retrieved from Genomatix databases. As far as possible, selected promoters (from about −500 to +100 relative to the
transcription start site) were considered as “gold” promoters in the Genomatix database (i.e., with experimentally verified 5′ complete transcript) and to
a lesser extent as “silver” promoter (i.e., with transcript with 5′ end confirmed by PromoterInspector prediction). The presence of CpG island in each promoter
region (defined by >60% G+C content, a GC rich region >150 bp in length, and an observed-to-expected ratio of CpG >0.6) was also confirmed using the CpG
Plot program. Promoters of the five germ-line-specific genes are highlighted. MAELstrom homolog (Drosophila), Mael/GeneID:98558/PromoterID:GXL_240390;
solute carrier family 25 (mitochondrial carrier; adenine nucleotide translocator), member 31, Slc25a31/GeneID:73333/PromoterID:GXL_259952; testis expressed
gene 11, Tex11/GeneID:83558/PromoterID:GXL_216422; DEAD (Asp-Glu-Ala-Asp) box polypeptide 4, Ddx4/GeneID:13206/PromoterID:GXL_9918; synaptonemal
complex central element protein 1, Syce1/GeneID:74075/ PromoterID:GXL_464526.
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Fig. S7. Global promoter analysis of the 25 genes identified by DNA microarray. (A) Promoter regions of the 25 genes identified by DNA microarray were
retrieved from Genomatix databases, and searched for common transcription factor binding sites using vertebrate matrix groups. Only binding sites identified
in more than 80% of promoters were considered. Observed and theoretical occurrence (indicated in Genomatix Matrix Library 8.1) allowed the odds ratio
computation. (B) Specific binding sites for the E2F6 transcription factor (1) were specifically investigated in the 25 gene promoters and identified in 16 of them,
whereas the theoretical occurrence in mouse promoters is 15.4%.

1. Kehoe SM, et al. (2008) A conserved E2F6-binding element in murine meiosis-specific gene promoters. Biol Reprod 79:921–930.
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Fig. S9. Dnmt3b and E2F6 proteins belong to a same subnuclear fraction. (A) Western blot analysis for detection of endogenous Dnmt3b and E2F6 proteins in
MEF nuclear extracts from WT and mEx3/mEx24 embryos after extraction with 0.6 U of micrococcal nuclease (MNase) during increasing periods of time (1, 5,
and 10 min.). P, pellet; S, supernatant. (B) Co-immunoprecipitation of endogenous E2F6 with Dnmt3b, WT, or mutated in the exon 24 (Dnmt3bm24) from
primary mEx3/mEx24 and WT, using specific antibodies against Dnmt3b and E2F6. Precipitated proteins were analyzed by Western blotting and revealed using
specific antibodies against E2F6 and Dnmt3b. Micrococcal nuclease treatment (MNase) is indicated. The irrelevant antibody against Neuropilin was used as
a control (Ctl).

Fig. S8. Hypomethylation of germ line genes in mEx3/mEx24 embryos. (A) Methylation analysis of the proximal promoter region of the indicated germ line
genes by MSRE. Genomic DNA derived from MEF (untreated or 5-azacytidine-treated; WT and mEx3/mEx24), thymus (WT and mEx3/mEx24) and empty em-
bryos (WT and mEx3/mEx24 at 12.5 dpc or 18.5 dpc) were digested with methylation-sensitive enzymes HhaI and HpaII and the amplification of the promoter
region of the indicated genes was performed by PCR. The Xlr amplified region, which does not contain HpaII/HhaI restriction sites, was used as an uncleavable
control. (B and C) ChIP assays performed on chromatin prepared from WT and mEx3/mEx24 MEF, using (B) a Dnmt3b specific antibody or (C) an E2F6 antibody,
followed by endpoint PCR using primers amplifying the proximal promoter region of the indicated genes. IN, input; IgG, Ig; 3b, Dnmt3b. (D and E) RT-PCR
analysis of expression of the indicated genes in (D) cortex and MEF from WT and E2F6−/− mice or (E) in MEF derived from WT, mEx3/mEx24 and E2F6−/−

embryos. GAPDH RT-PCR was used as a normalization control.

Velasco et al. www.pnas.org/cgi/content/short/1000473107 9 of 9

www.pnas.org/cgi/content/short/1000473107

